We present a new mechanism for producing the correct relic abundance of dark photon dark matter over a wide range of its mass, extending down to 10 −20 eV. The dark matter abundance is initially stored in an axion which is misaligned from its minimum. When the axion starts oscillating, it efficiently transfers its energy into dark photons via a tachyonic instability. If the dark photon mass is within a few orders of magnitude of the axion mass, m γ /ma = O(10 −3 − 1), then dark photons make up the dominant form of dark matter today. We present a numerical lattice simulation for a benchmark model that explicitly realizes our mechanism. This mechanism firms up the motivation for a number of experiments searching for dark photon dark matter.
I. INTRODUCTION
An intriguing possibility is that dark matter (DM) is made up of very light spin-1 bosons. This would belie our usual intuition that light spin-1 bosons mediate forces but do not make up matter in our universe. Very light bosonic DM (m 1 eV) has interesting properties. It has high occupation numbers within galaxies (the de Broglie wavelength of the particles is larger than the interparticle spacing) [1] , so it can be modeled as a classical field. In the extremely low mass range, spin-1 bosonic DM could give a realization of the Fuzzy Dark Matter paradigm [2, 3] , with many associated effects on galactic structure. If DM in our universe is a very light boson, a rich variety of dark condensed matter physics could await discovery.
A long-standing problem for dark photon DM models is to obtain the correct relic abundance of DM. It is possible to get a relic abundance from inflationary fluctuations [4] . This is estimated to be Ω γ = Ω DM m γ 6 × 10 −6 eV
where Ω is the energy density relative to the critical density today, and H I , the inflationary Hubble scale, is bounded to be 10 14 GeV from the lack of observation of primordial tensor modes. Hence, dark photons from inflationary fluctuations can only constitute all of the DM for m γ µeV. A misalignment mechanism like the axion [5] may work in a wider mass range, but it requires additional large, highly tuned couplings to the curvature R [6] . However, by themselves, these couplings lead to perturbative unitarity violation at low energies in longitudinal photon-graviton scattering.
In this letter we present a new mechanism to populate dark photon dark matter over a wide range of masses, extending down to 10 −20 eV. The DM abundance is initially stored in a misaligned axion, which is coupled to the dark photon. As the axion starts oscillating, it can efficiently transfer its energy to the dark photons through a tachyonic instability. The instability persists for massive dark photons with masses comparable to the axion. The dark photons are produced with a typical energy close to the mass of the axion and redshift quickly to behave as cold DM.
This instability has previously been used in many contexts: generation of primordial magnetic fields [7] [8] [9] [10] ; dissipation allowing for inflation in steep potentials [11] [12] [13] ; baryo-or leptogenesis [14] ; production of chiral gravitational waves during inflation [15] [16] [17] [18] [19] [20] [21] ; preheating [22] ; decreasing the abundance of QCD axion DM [23, 24] and providing alternative dissipation mechanisms [25] [26] [27] [28] in relaxion cosmology [29] .
We briefly describe the mechanism for dark photon production below. To accurately capture the production and backscattering effects of the dark photon, a lattice numerical simulation is performed. We describe the results of the numerical simulation. Finally, we present two example benchmarks which are being actively pursued in current and planned experiments. These form ideal targets for our mechanism, since their abundance is extremely hard to generate by inflationary perturbations.
In supplementary material, we discuss model building restrictions and avenues for generating the requisite coupling of dark photons with the axion. We also discuss models which generate observable couplings of the dark photon to the standard model (SM). These models are intended to be proofs of principle, and our mechanism applies to a wide class of models. We also provide additional details about the numerical simulation, and briefly discuss another production mechanism where dark photons are produced by the axion decay. We consider the following action of a system with the axion φ and dark photon A µ ,
with F µν = ∂ µ A ν − ∂ ν A µ and F µν = µνρσ F ρσ /2 √ −g the field strength tensor and its dual, m γ the dark photon mass, and f a the axion decay constant. The axion potential is given by
We assume for our simulations that the mass of the axion is constant, but our mechanism can be plausibly extended to a temperature-dependent axion mass, as in the case of the QCD axion. We denote the gauge coupling and the fine-structure constant as g D and α D ≡ g 2 D /4π, respectively. Here we adopt the convention 0123 = 1, g µν = (+, −, −, −), and g ≡ det[g µν ]. The dynamical degrees of freedom are φ and A = {A i }, and their equations of motion in a flat, isotropic, and homogenous universe are given bÿ
where the overdot is the derivative with respect to time t, a(t) the scale factor, H the Hubble parameter, and
. The evolution of A 0 is determined by the Lorenz gauge condition, ∂ µ ( √ −gA µ ) = 0, which directly follows from the equation of motion.
Suppose that the spatially homogeneous axion starts to oscillate with an initial amplitude φ i when 3H ∼ m a in the radiation-dominated era. Then the equation of motion of A is reduced tö
in Fourier space, where k = |k| denotes the comoving wave number, and the subscript ± indicates the helicity of the transverse mode. One can see that one of the helicity components with k/a ∼ β|φ|/2f a becomes tachyonic if m γ < β|φ|/2f a , and such dark photons are efficiently produced by the tachyonic instability soon after the axion starts to oscillate. Note that only the transverse mode of the dark photon is coupled to the spatially homogeneous axion. After the energy density of dark photons becomes comparable to the axion, the system enters a non-linear regime. The energy stored in the axion zero mode transfers to both transverse and longitudinal components of dark photons as well as the axion non-zero mode. As we shall see shortly, however, the dark photon production effectively stops soon after the system enters the non-linear regime. The dark photon (physical) momentum has a characteristic peak at ∼ 10 −2 βm a at that moment, where the numerical prefactor also depends on β but we confirmed its validity for β between 35 and 50. The dark photon abundance is related to the initial axion abundances as
where s is the entropy density, and ρ γ and ρ a the energy densities of dark photon and axion, respectively. Here we have approximated that most of the initial axion energy transfers to dark photons that are relativistic at the production. In terms of the density parameter, it is given by
where we set the relativistic degrees of freedom g * (T ) = 60. As we shall see in the next section, the production efficiency depends on the dark photon mass, and some amount of the axions always contribute to DM.
Note that the axion acquires its quantum fluctuations during inflation, which induce isocurvature perturbation of dark photons after the tachyonic production. The amplitude of the isocurvature perturbation is given by P 1/2 S = H I /(πf a θ). Using f a θ in Eq. (7) with Ω γ = Ω DM , the current constraint on the isocurvature perturbation [30] limits the inflation scale as
Thus, relatively low-scale inflation models are required. In this sense, our scenario is complementary to the production mechanism using inflationary fluctuations [4] which typically requires higher H I .
Let us here briefly comment on an additional condition for the above production mechanism to work. After the tachyonic production ends, the dark photon field amplitude is as large as f a . More generally, light dark photon DM, when extrapolated to the early universe, would have had large field values. Consequently, even tiny shift-symmetry violating couplings can have a dramatic effect on the dynamics. If the mass of the dark photon arises from a Higgs mechanism, the dark photon field also backreacts on the Higgs potential. Even without the Higgs mechanism, a quartic self-coupling is allowed for a Stückelberg dark photon. A generic expectation for the dark photon quartic in either case is ∼ g The evolution of the number densities of axion (blue) and dark photon (red) normalized by that of the axion without tachyonic production. We show two benchmarks, m γ = 0.1ma (solid line) and 0.4ma (dashed line). Right: The power spectra of the number density of axion (blue) and dark photon (red) with m γ = 0.1ma. We show two snapshots at maτ = 10 (solid) and 50 (dashed). Other parameters were taken to be β = 40, fa = 10 14 GeV, ma = 10 −8 eV for both plots. photon. Any UV completion of our scenario must explain why these couplings are small. We further discuss this issue in the supplementary material.
III. NUMERICAL RESULTS
We have solved directly the equations of motion (3) and (4) by performing lattice numerical simulations on a cubic lattice with periodic boundary conditions with 128 3 points and initial comoving lattice spacing = (π/512)m −1 a . As reference values we have taken β = 40, m a = 10 −8 eV, and f a = 10 14 GeV, and adopt the initial condition φ i = f a at the conformal time τ i = 0.1m
The scale factor is normalized as a(τ ) = τ /τ i , and the Hubble parameter is given by H = τ i /τ 2 in the radiation dominated era. We adopt initial fluctuations of the dark photon given by quantum vacuum fluctuations following the Rayleigh distribution in Fourier space with the rootmean-square amplitude
The initial value at each spatial point is obtained by the inverse-Fourier transformation. We show in fig. 1 (left) the time evolution of the axion (blue) and dark photon (red) number densities normalized by that of the axion in the case of no dark photon production. One can see that the axion number density abruptly drops when the dark photon becomes comparable to the axion in number at m a τ 6 − 8, and that the final dark photon number density is more than 10 2 times larger than that of the axion. Most of the initial axion energy is efficiently transferred to dark photons.
In fig. 1 (right) we show the power spectra of the comoving number densities of the axion (blue) and the dark photon (red) at the conformal time m a τ = 10 (solid) and 50 (dashed). The dark photon spectrum has a prominent peak corresponding to the fastest growing mode of the tachyonic instability, and the peak continues to persist after the tachyonic growth is saturated at m a τ = 6. The physical momentum of the peak at this time is k phys ∼ 0.5m a . The backreaction is not efficient for dark photons near the peak, and their production effectively stops soon after m a τ = 6. On the other hand, dark photons with higher momentum modes with k phys > m a (k/m a > 100 at m a τ = 10) continue to interact and axions with lower momentum are converted to dark photons and axions with higher momenta. This, however, does not affect the final dark photon abundance.
In fig. 2 we show the relic density parameters of axion (blue square) and dark photon (red circle) as a function of m γ . One can see that the dark photon abundance linearly increases up to m γ = 0.45m a and sharply drops for heavier m γ . This is because the tachyonic growth no longer takes place for the mass heavier than the peak momentum, m γ 10 −2 βm a ∼ 0.5m a . We have also performed lattice simulations with different sets of the parameters and found similar behavior if the tachyonic production is efficient enough for the system to enter the nonlinear regime. If we take a closer look, however, the peak of the dark photon spectrum becomes less prominent as β increases. On the other hand, for β 30, the tachyonic production is so inefficient that the dark photon number remains smaller than axions.
IV. PHENOMENOLOGY
The mechanism presented in this letter does not rely on any couplings to the SM. Thus, the only constraints that apply to the mechanism generally are superradiance [31] [32] [33] [34] [35] and structure formation [3, 36] . The superradiance constraints potentially apply to both the dark photon directly, as well as to the axion field. We focus here on the direct constraints on dark photons. We have shown these constraints in light blue in fig. 3 . Note that superradiance constraints require the self-interactions of the gauge boson to be small, which we discuss further in the supplementary material. The Lyman-α constraint on fuzzy DM [36] directly applies to dark photons. Considering that dark photons are mildly relativistic at the production, we adopt m γ 10 −20 eV as the lower bound. More generally, the dark photon could have additional couplings to the SM, giving rise to a rich phenomenology at current and future experiments [6, [37] [38] [39] . We focus on two specific examples: that of a dark photon kinetically mixed with the hypercharge gauge boson, and a B − L gauge boson with a very small gauge coupling.
There are a number of ongoing and future experiments that look for kinetically mixed dark photons over a large range of their masses (see [40] for a review). Current constraints come from Lyman-α measurements [36] , black hole superradiance [33] [34] [35] , galactic heating [41] , late resonant conversions of photons to dark photons, CMB distortions, N eff [6] , direct detection [42] [43] [44] , stellar cooling [45] [46] [47] , and decays of dark photons to X-rays. There are additional constraints in a narrower mass range from ADMX [48] and from a dish antenna experiment [49, 50] .
Other astrophysical constraints such as those from astronomical ephemerides [51] can also be translated to the dark photon case.
New experiments seek to cover new parameter space for the dark photon. These include DM Radio [52, 53] , resonant absorption in molecules [54] , LAMPOST [55] , dish antenna experiments [49, 56] , direct detection [57] [58] [59] , and a resonant microwave cavity search [60] . In fig. 3 we show constraints and prospects for a dark photon in the m-plane. We see that there are regions of parameter space m γ ∼ 10 −9 eV, ∼ 10 −12 where the DM radio would be sensitive, but cannot rely on inflationary perturbations to populate DM. Thus, this is a prime target space for our mechanism.
If the dark photon couples to a different current than the electromagnetic current (which we take to be B − L for concreteness), then matter in the universe may not be charge neutral under this new force. This leads to additional interesting constraints from tests of equivalence principle violation and fifth forces [61] [62] [63] [64] [65] [66] [67] . There are also additional constraints from decays of the B − L gauge boson into neutrinos; we conservatively constrain the lifetime to be more than the age of the universe, but a tighter bound can likely be derived [68] . These forces can also be tested in future experiments such as atomic interferometers [69, 70] , new torsion pendulum experiments, or with LIGO and LISA [69, 71] . This gives another target for our mechanism, m γ ∼ 10 −20 -10 −15 eV, with a very small gauge coupling g B−L < 10 −25 .
We emphasize that these benchmark models are chosen for concreteness, and our mechanism may be extended to a wide class of dark photon models.
V. CONCLUSION
The nature of DM remains a pressing mystery in fundamental physics. An important possibility is that DM is made up of very light, spin-1 particles which form a coherent, classical field. In this letter we provide a mechanism for the generation of the abundance of such DM candidates. Our mechanism works over the entire range of DM masses which are not otherwise constrained, in contrast with existing mechanisms which only work for a range of masses, or for a very fine-tuned choice of couplings. Thus, our mechanism puts the motivation for dark photon DM on a firmer footing.
Note added: As this paper was being completed we became aware of overlapping work in preparation from other groups [72] [73] [74] .
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I. MODELS
A number of model building avenues for obtaining dark photons have been pursued [75] [76] [77] [78] [79] . The key model-building questions for our purposes are the origin of the dark photon mass, the absence of quartic couplings for the dark photon, the origin and size of the dark photon coupling to the axion and a possible coupling of the dark photon to the SM.
In effective field theory, a very light dark photon could either arise from the Higgs mechanism (including its generalized form, dynamical symmetry breaking) or from the Stückelberg mechanism. However, in string theory one finds that very light Stückelberg masses are always correlated with a low string scale, and imposing a lower bound of ∼ TeV on the string scale implies that dark photon masses below the meV scale must arise from the Higgs mechanism [76, 80] .
A. Quartic couplings: expected size and bound on gauge coupling
The theory of a massive spin-1 boson lacks gauge invariance, and so in general allows a variety of new interaction terms, such as
Such terms are dangerous for our mechanism, because they make it energetically costly to populate a large occupation number for the dark photon, eventually backreacting and shutting off the mechanism. Thus the success of our mechanism depends on having a small quartic coupling. In fact, it requires not only a small λ γ , but also small gauge-invariant interactions.
The non-gauge-invariant λ γ interaction must vanish in the limit m γ → 0, so we expect that λ is suppressed by powers of m γ . A generic expectation is that in the g D → 0 limit, the longitudinal mode of the photon becomes a compact scalar θ with a Lagrangian of the form
with c ∼ 1 and m γ = g D f θ . We couple this theory to the gauge field with the replacement ∂ µ θ → ∂ µ θ + g D A µ , which makes it apparent that we expect the coefficient to be of order
This shows that, as expected, λ → 0 when m γ → 0, but at fixed f θ . On the other hand, if g D is not very small the quartic is not necessarily very suppressed. In the concrete case of the abelian Higgs model with a Higgs of charge q h , VEV v h , and quartic coupling λ h , the quartic is induced by Higgs exchange:
As in the generic case, the quartic scales with four powers of the small coupling g D . The second type of self-interaction that is generically present is a gauge-invariant Euler-Heisenberg type interaction, (F 2 ) 2 or (F F ) 2 . We can examine the size of such a term generated by integrating out fermions of mass m C and charge q C , and then interpret this as an effective simple quartic λ eff by taking the derivatives to be of order m γ :
As with the simple quartic case, λ eff is suppressed by g 4 D ; however, it is additionally suppressed by small couplings and by the unknown masses of heavy charged particles. Hence, it is reasonable to expect that for a typical dark photon model, simple A If we wish for the quartic coupling λ γ to play no role in the dynamical mechanism we discuss, it must obey a stringent inequality. First, we would like the energy density stored in the quartic term to be unimportant compared to that in the mass or kinetic terms, which gives us
Second, if we assume that the dark photon mass arises from the Higgs mechanism, we would like the photon field to not significantly backreact on the Higgs mass, i.e.
which using (S4) leads to the same inequality (S6). Because the size of the Higgs quartic λ h is constrained by unitarity, the only way that (S6) can be obeyed in a theory in which the dark photon mass arises from a Higgs mechanism is to have an exceptionally small gauge coupling: the small photon mass arises from a relatively large VEV for the dark Higgs multiplied by a correspondingly small coupling:
These are awkward numbers to explain in a fundamental theory, but the coupling is not so small as to be excluded by Weak Gravity Conjecture arguments, for instance.
B. Coupling of axions to dark photons
A further challenge arises when we attempt to explain the size of the axion-dark photon coupling that we rely on for particle production,
with β ∼ O(10-100) where f a is the field range of φ. For a theory of a compact U (1) gauge field and a single compact axion, the coefficient β is actually quantized. A useful parametrization is
highlighting the coupling's dependence on the gauge coupling and two potential sources of enhancement. Here k denotes the anomaly integer that may be large due to the presence of a fermion with a large charge or due to a large number of flavors. Perturbativity of the gauge theory requires that kα D 1, so k by itself cannot yield β > 1. As is familiar from other contexts where this coupling arises [81] , to get β ∼ 100, we need to invoke a form of alignment [82] or its iterated version, clockwork [83] [84] [85] . Here j denotes an enhancement of the field range over the fundamental period of the axion using alignment/monodromy. The requirement of not generating a large quartic coupling from the Higgs mechanism compounds this problem: because α D 10 −30 , the enhancement factors j and k must be enormous. Furthermore, if we generate the coupling by integrating out charged fermions that also carry PQ charge, then they can run in loops and generate Euler-Heisenbergtype quartic couplings, which may be so large as to again pose a dynamical problem for our mechanism. Let us try to estimate whether viable parameter space exists. If we have a set of PQ-charged fermions with dark charge q Ψ obtaining a mass from PQ breaking, we expect to generate the axion-dark photon coupling with
We can then enhance this by a factor of j in a fundamental theory of multiple axions. An example model is,
where Λ µ. Identifying the field range of the light field f = F j 2 + 1,
In this way, we can arrange for the masses of the PQ-charged fermions to lie at the scale F ∼ f /j. Then the corresponding Euler-Heisenberg term will scale as
Perturbativity of the gauge theory requires that j β. We can estimate an effective quartic interaction λ γ by taking F ∼ pA where p βm a is the characteristic momentum involved in our dark photon production mechanism. In that case, applying the constraint (S6) gives
Let us consider two different limits to assess the importance of this bound. In the first case, we will take the minimum amount of clockwork: when α D k ∼ 1 to saturate the perturbative unitarity constraint on the gauge theory, we must take j ∼ β, and the inequality becomes:
(S17)
We have tested our mechanism at much smaller values of β, so this is not a significant constraint. However, note that this is the case where we have made minimal use of the clockwork mechanism, taking j ∼ β, in which case we require enormous k. Now consider the opposite limit, taking k as small and j as large as possible. As argued in [81] , the clockwork mechanism leads to the constraint that the scale of the axion potential is bounded by the fundamental decay constant
Otherwise, axion scattering will violate perturbative unitarity. Suppose that we saturate this bound. Then we find that the Euler-Heisenberg interaction (S15) is safe from the quartic constraint (S6) provided .
(S19)
Thus we can exploit the clockwork mechanism to the maximum extent compatible with unitarity while still remaining safe from the quartic constraint. However, if g D ∼ 10 −15 and j ∼ f a /m a ∼ 10 15 , we still require an unexplained large number k ∼ 10
15 . This is, as far as we know, logically consistent, but it suggests the need for a better model.
C. Coupling to the SM
The phenomenology of the dark photon depends sensitively on its couplings to the SM. We consider two benchmark models for dark photon couplings-a kinetic mixing with the hypercharge boson, and coupling to the B − L current.
Kinetic mixing is a well-studied mechanism for the dark photon to talk with the SM. In the simplest models, we expect the size of the kinetic mixing parameter to be,
This level of kinetic mixing is a little too small to be experimentally accessible ( fig. 3 ) except perhaps towards higher dark photon masses. However, as we note above that the model includes fermions with large charges in order to obtain the requisite coupling of the axion with dark photons. The same fermions can induce a much larger kinetic mixing. For example, if there is a fermion with charge (1,
where in the last simequality we have used the estimate for k and g D obtained above for µeV dark photons. Therefore, within the class of models with large charges it is possible to get kinetic mixing parameters in all of the experimentally interesting region. Another well-motivated possibility is that the DM is made up of B − L gauge bosons. Due to very stringent constraints on new long range forces for SM fields, its gauge coupling is constrained to be extremely small. This meshes well with our bound derived from the quartic coupling; the constraints on the gauge coupling are typically stronger than those derived from the restrictions on the quartic coupling. As noted above, the coupling to the axion still requires a very large charged field in the theory.
D. Generating large charges through Abelian Clockwork
From above we see that we require very large relative integer charges for our mechanism. An attractive set-up to generate such a large charge is the clockwork mechanism, as applied to U (1) gauge symmetries. We imagine a string of U (1) gauge symmetries, which are all broken down to a diagonal U (1) by VEVs of N − 1 charged scalars, with
Here h is the Higgs that provides a small mass to the dark photon that would be otherwise massless, and J µ is a current that we want to couple to the dark photon with an enhanced strength. The effective Lagrangian is,
The dark photon gauge coupling is given as,
where for simplicity we have chosen equal gauge couplings for all U (1)s, g i ≡ g. If the current J µ is anomalous under the PQ symmetry of an axion, then it generates a large coupling of the axion with the dark photon,
To generate a large kinetic mixing, we can add fermions which are charged under A 1 as well as under the SM hypercharge with O(1) charges. These will have a charge (1, q N ) under (U (1) Y , U (1) D ), as required for enhanced kinetic mixing. Alternatively, if the SM (B − L) current couples to A N , then the SM fields are coupled to the dark photon with unit charge and extremely small gauge coupling.
Of course, we still need to invoke a mild form of additional alignment for the axion in order to achieve kjα D ∼ β 100.
II. SELF-INTERACTIONS WEAKEN SUPERRADIANCE BOUNDS
The bounds on dark photons from superradiance may be absent if there is significant self-interaction of the dark photon cloud [31] [32] [33] . We expect that self-interactions become large when the size of the quartic interaction energy becomes of order the gravitational binding energy. For the axion, this is roughly when a ∼ f a . If this happens before the axion cloud has a chance to extract most of the black hole angular momentum, then the superradiant instability is quenched and the bounds are evaded. photon masses. In the following, we assume that both axion and dark photon are decoupled from the SM for simplicity so that the axion decays into only dark photons. However, if the axion lifetime is shorter than ∼ 1sec., one could couple the axion to the SM without changing the results significantly. The decay rate of the axion into dark photons is Γ(a → γ γ ) β
